ABSTRACT Aims/Introduction: High plasma 3-carboxy-4-methyl-5-propyl-2-furanpropanoic acid (CMPF) levels are significantly associated with type 2 diabetes mellitus, which is usually accompanied by metabolic syndrome and non-alcoholic fatty liver disease (NAFLD) with increased triglyceride levels. Thus, we hypothesized that elevated CMPF levels might be related to lipid metabolism and NAFLD risk. Materials and Methods: Serum CMPF levels were determined using an enzymelinked immunosorbent assay in a total of 466 individuals, including 116 controls with no NAFLD or type 2 diabetes mellitus, 53 individuals with NAFLD but no type 2 diabetes mellitus, 151 individuals with type 2 diabetes mellitus but no NAFLD, and 146 individuals with both NAFLD and type 2 diabetes mellitus. The associations with age, blood pressure, lipid profiles, body mass index and liver injury marker levels were examined, and a metaanalysis of non-diabetic and diabetic groups was carried out to detect the combined effects. Results: The CMPF concentration in NAFLD patients was significantly lower than individuals without NAFLD in both the non-diabetic group (P < 0.05) and diabetic group (P < 0.01), and correlated negatively with several parameters of liver function and the adiposity index. Meta-analysis showed that serum CMPF levels was associated with decreased risk of NAFLD after combining the results (odds ratio 0.677, 95% confidence interval 0.552-0.831, P < 0.001). Additionally, the CMPF concentration was independently negatively associated with triglycerides and high-density lipoprotein cholesterol in the metaanalysis. Multiple stepwise regression analysis showed that body mass index, high-density lipoprotein cholesterol, triglyceride level, age, sex and fasting plasma glucose were independently associated with CMPF (all P < 0.05).
INTRODUCTION
The compound, 3-carboxy-4-methyl-5-propyl-2-furanpropanoic acid (CMPF), is a furan fatty acid metabolite that was first identified in urine and is a protein-bound uremic toxin 1 . CMPF has been reported to enhance reactive oxygen species production in human kidney 2 cells and induce renal cellular damage 2 . Several recent studies have reported that CMPF plays an important role in diabetes progression by contributing to b-cell failure and decreasing glucose-stimulated insulin secretion [3] [4] [5] [6] . CMPF has also been reported to inhibit mitochondrial respiration 7 , glutathione S-transferase 8 and drug metabolism in the liver 9 . Cumulatively, these findings suggest that CMPF is detrimental to healthy tissue function (including renal function, hepatocellular function and glycometabolism). However, studies in the field of nutrition have a converse viewpoint. Furan fatty acids are not produced de novo in many animals, including humans 10 . CMPF is a metabolite derived from furan fatty acids, is found in marine animals and is a possible biomarker of fish intake, which suggests healthier dietary choices 11 . A prospective cohort study including 76 participants 12 showed that fish oil intake increased serum CMPF levels, and decreased triglyceride levels were found in a type 2 diabetes mellitus cohort. Another study of 106 patients 13 showed that 12 weeks of fish consumption increased the CMPF concentration in plasma and did not harm glucose metabolism. In addition, in vitro experiments using human embryonic kidney 293 cells and mouse primary hepatocytes found that CMPF had no intrinsic cytotoxicity in either cell line, and did not inhibit CYP3A4, CYP2D6 or CYP2C9 5 . Furthermore, a study of 516 participants 6 showed an independent and inverse association between CMPF and triglycerides. Cumulatively, these findings show an important role of CMPF as a harmless metabolite involved in the regulation of lipid metabolism, and suggest that it is not cytotoxic to the liver. Although the clinically relevant and animal-based studies of CMPF have assessed glycometabolism, the association of lipid metabolism and the prevalence of fatty liver has not been evaluated. More recently, Prentice et al.
14 found that CMPF could increase whole-body lipid metabolism and ameliorate steatosis in mice, but the CMPF levels in humans who suffer from NAFLD have not been reported.
Non-alcoholic fatty liver disease (NAFLD) is increasingly recognized as a liver disease component of metabolic syndrome 15 . The global prevalence of NAFLD is approximately 25% 16 . A recent analysis of studies involving >8.5 million patients from 22 countries showed that 51.34% of patients with NAFLD are overweight or obese, 22.51% have received a diagnosis of type 2 diabetes mellitus, 69.16% have hyperlipidaemia and 42.54% have metabolic syndrome 17 . However, the causes and pathogenesis of NAFLD remain elusive. The objectives of the present study were to investigate whether altered serum CMPF levels are specifically associated with NAFLD in either type 2 diabetes mellitus patients or individuals with normal glucose tolerance (NGT). Furthermore, we also explored the association of serum CMPF levels with lipid profiles in these individuals.
METHODS

Ethical considerations
The Medical Ethics Committee of the Shanghai Fengxian District Central Hospital approved this study, which conforms to the provision of the Declaration of Helsinki (as revised in Fortaleza, Brazil, October 2013).
Participants
The present study recruited 466 participants (including 297 type 2 diabetes mellitus patients and 169 individuals with NGT) of Chinese origin (Han Chinese; 250 men and 216 women) from Shanghai Fengxian District Central Hospital. All participants provided written informed consent before participating in this study. A 75-g oral glucose tolerance test was carried out to determine the NGT. The classification of NGT (3.9 mmol/L ≤ fasting plasma glucose [FPG] < 5.6 mmol/L and 3.9 mmol/L ≤ 2-h plasma glucose < 7.8 mmol/L) was based on the American Diabetes Association 2003 criteria. All of the 297 type 2 diabetes mellitus patients were inpatients taking oral hypoglycemic drugs and receiving insulin therapy. The diagnosis guidelines for NAFLD proposed by the Asia-Pacific Working Party were used to characterize individuals with NAFLD 18 . NAFLD was clinically defined by manifestations on abdominal ultrasonography by experienced radiologists. All participants had routine biochemical blood analyses and physical examinations. Individuals with the following conditions were excluded from the present study: a prior history of specific diseases that could result in fatty liver, habitual drinking, acute or chronic inflammatory disease, renal failure, biliary obstructive diseases, acute or chronic viral hepatitis, cirrhosis, known hyperthyroidism or hypothyroidism, current treatment with systemic corticosteroids and the presence of cancer. Pregnant women were also excluded from this study.
Clinical measurements
Participants' weight (in light clothing) and height (without shoes) were measured, and the body mass index (BMI) was calculated as weight in kilograms divided by the square of the height in metres. All blood samples were collected from the antecubital vein after 8 h of overnight fasting. After clotting, the blood serum samples were separated from the blood specimens by centrifugation for 15 min at approximately 1,000 g, and the aliquots were stored at -80°C until CMPF analysis. Triglycerides (TG), blood total cholesterol (TC), low-density lipoprotein cholesterol (LDL-c), high-density lipoprotein cholesterol (HDL-c) and liver injury markers levels were measured using an automatic biochemical analyser (DXC 800; Beckman Coulter, Brea, CA, USA). The hemoglobin A1c level was measured using high-pressure liquid chromatography (HLC-723G7; Tosoh, Tokyo, Japan) Serum CMPF measurement Serum concentrations of CMPF were quantified using an enzyme-linked immunosorbent assay kit (catalogue number: BG-HUM104400; Novatein Biosciences, Inc., Woburn, MA, USA) as described previously 19 . This assay has high sensitivity and excellent specificity for detection of human CMPF. No significant cross-reactivity or interference between CMPF and analogs was observed.
Statistical analysis
Normally distributed data are shown as the mean -standard deviation. Variables that were not normally distributed were log e -transformed before analysis and are expressed as medians with the interquartile ranges. An exclusion of missing data was adopted in our analyses because of the missing percent under 10% in each variable. Student's unpaired t-test was used to compare groups. Pearson's correlation and linear regression analyses were used to evaluate the correlations between the log e -transformed serum CMPF levels and clinical parameters.
A logistic regression analysis was used to evaluate the association of log e -transformed CMPF levels with NAFLD in the non-diabetic and diabetic groups. Combined point estimates and odds ratio (ORs) from the NGT and type 2 diabetes mellitus groups were calculated by using Comprehensive Meta-Analysis Software (v2.2.057; Biostat, Englewood, NJ, USA) with a fixed or random effects model after testing for heterogeneity, which was carried out by calculating the I-squared (I 2 ) value. The I 2 value of 50% corresponded to cutoff points for low and high degrees of heterogeneity. The fixed effects model was used for low degrees of heterogeneity, while the random effects model was used for high degrees of heterogeneity. IBM SPSS (version 22.0; Armonk, NY, USA) was used for statistical analyses unless otherwise specified. GraphPad Prism software (version 6.02; La Jolla, CA, USA) was used to plot the histograms. All two-tailed P-values <0.05 were considered significant.
RESULTS
Clinical characteristics of participants
The anthropometric parameters and clinical characteristics of the participants are summarized in Table 1 . No significant differences were found with respect to sex, systolic blood pressure, and hemoglobin A1c between the NAFLD and non-NAFLD groups. Lower HDL-c levels were observed in NAFLD patients than in participants without NAFLD (P < 0.001). In the nondiabetic group, NAFLD patients had significantly higher BMI, diastolic blood pressure, aspartate aminotransferase (AST), alanine aminotransferase (ALT), c-glutamyltransferase and triglyceride levels than participants without NAFLD (all P < 0.05). In the diabetic group, NAFLD patients had significantly higher BMI, diastolic blood pressure, AST, ALT, c-glutamyltransferase, FPG, triglyceride, TC and LDL-c levels than participants without NAFLD (all P < 0.05). In addition, the NAFLD group was younger than the non-NAFLD group.
Comparison of CMPF levels between the NAFLD and non-NAFLD groups The circulating CMPF levels in the four subgroups are presented in both Table 1 and Figure 1 . The CMPF serum levels were elevated in the diabetes-only group compared with those in the NAFLD and diabetes group (P = 0.001). The CMPF levels were also elevated in the control group compared with those in the NAFLD-only group (P < 0.05). At the same time, the CMPF levels were higher in diabetes mellitus than NGT in both the control (P < 0.001) and NAFLD groups (P < 0.01).
We then analyzed the association of CMPF with the risk of NALFD by logistic regression in each the NGT or type 2 diabetes mellitus group (Table 2) . We carried out a meta-analysis combining the two groups' ORs (95% confidence interval [CI]) using a fixed-effects model, which was determined by heterogeneity testing. The models that were not adjusted or adjusted for age and sex showed the CMPF levels were significantly associated with NAFLD (OR 0.677, 95% CI 0.552-0.831, P < 0.001 for not adjusted; OR 0.701, 95% CI 0.567-0.867, P = 0.001 for age and sex adjusted). However, the results became not significant when BMI entered the models.
Association of serum CMPF levels with quantitative traits related to NAFLD We then examined the associations between serum CMPF levels and clinical parameters related to NAFLD and metabolism. As shown in Figure 2 , CMPF was significantly correlated with LDL-c, triglyceride, TC, ALT and AST levels (r = -0.144, P = 0.014 for LDL-c; r = -0.193, P = 0.001 for triglycerides; r = -0.217, P < 0.001 for TC; r = -0.144, P = 0.014 for ALT; r = -0.153, P = 0.009 for AST) in type 2 diabetes mellitus patients. However, CMPF was only significantly correlated with triglyceride levels (r = -0.177, P = 0.021) in the NGT group. Additional adjustments for age, sex and BMI by meta-analysis of the two groups (Table 3) showed that CMPF was still negatively associated with triglyceride levels (B -SE = -0.075 -0.028, P = 0.008). However, CMPF was negatively associated with HDL-c (B -SE = -0.032 -0.014, P = 0.027). Furthermore, multiple stepwise regression analysis was carried out to determine variables with independent associations with serum CMPF (Table 4 ). In addition to age, sex and BMI, the regression model also included triglycerides, HDL-c and FPG. These parameters were significantly associated with CMPF in the simple correlation analyses. The results showed that BMI, age, HDL-c, TG, sex and FPG were independently associated with serum CMPF levels in order (B -SE = -0.052 -0.014, P < 0.001 for BMI; B -SE = 0.013 -0.004, P = 0.002 for age; B -SE = -0.641 -0.162, P < 0.001 for HDL-c; B -SE = -0.281 -0.087, P = 0.001 for TG; B -SE = 0.234 -0.093, P = 0.032 for sex; B -SE = 0.037 -0.016, P = 0.024 for FPG).
DISCUSSION
This is the first study to examine the associations between serum CMPF levels and NAFLD in both type 2 diabetes mellitus patients and individuals with NGT. In the case-control comparison of each study population, we found that CMPF was substantially higher in the non-NAFLD control group than in NAFLD patients. Additionally, the circulating CMPF level was independently and negatively associated with triglycerides in the meta-analysis after adjusting for type 2 diabetes mellitus Control NAFLD Figure 1 | Log e transformed 3-carboxy-4-methyl-5-propyl-2-furanpropanoic acid (CMPF) levels (mean -standard error of the mean) in the four groups, namely the control group, non-alcoholic fatty liver disease (NAFLD) only, diabetes only, and NAFLD and diabetes. The CMPF levels were significantly higher in participants without NAFLD in both the type 2 diabetes mellitus and normal glucose tolerance (NGT). *P < 0.05. **P < 0.01. ***P < 0.001. 
The meta-analysis † shown represents the association of 3-carboxy-4-methyl-5-propyl-2-furanpropanoic acid and non-alcoholic fatty liver disease by combining the two groups with a fixed effects model. I 2 was used to assess heterogeneity. BMI, body mass index; NGT, normal glucose tolerance; OR, odds ratio; T2DM, type 2 diabetes mellitus.
status. The present study suggests that CMPF plays an important role in glycolipid metabolism by enhancing fatty acid utilization and reducing glucose metabolism. These findings are consistent with the results of prior studies using rodent islets 3 . CMPF levels have been found to be elevated in type 2 diabetes mellitus and GDM patients using a metabolomics approach, and this elevation was associated with dangerous effects on glucose-induced insulin secretion in a rodent model 4 . Consistent with this study, the present research showed that serum CMPF levels were elevated in type 2 diabetes mellitus patients, but not individuals with NGT. Furthermore, the same team found that elevated CMPF caused the formation of advanced glycation end-products, which are known to impair insulin secretion 20 , and increased fatty acid oxidation 3 . This result might explain why CMPF showed an independent negative association with triglycerides in previous studies 6, 12 of individuals with disturbances in carbohydrate metabolism. However, we found that the negative association between CMPF and triglycerides was also present in individuals with NGT in addition to type 2 diabetes mellitus patients. We suggest a potential link among islets, CMPF and lipid metabolism in Chinese individuals.
We found a difference in the association of CMPF levels with several parameters separately in type 2 diabetes mellitus patients and individuals with NGT. Five biochemical parameters including LDL-c, triglycerides, TC, ALT and AST were negatively associated with CMPF levels in type 2 diabetes mellitus patients, and only the TG level was negatively associated in individuals with NGT. In addition, a positive association with age (consistent with the results of renal failure patients 21 ) and a negative association with BMI were also found in both groups. Therefore, the present data suggest that serum CMPF levels in various concentration ranges have different effects. The elevated serum CMPF levels in type 2 diabetes mellitus patients might have a reduced impact on lipid profiles and liver injury markers.
The relevance of CMPF and liver function in humans has not been reported. In the present study, elevated CMPF levels in type 2 diabetes mellitus patients showed a negative correlation with AST and ALT levels, which are well-accepted noninvasive biochemical markers of liver injury. We excluded individuals with cirrhosis, biliary obstructive disease, hepatitis and alcoholism. Thus, the elevations of AST and ALT levels in such individuals were likely due to NAFLD. We carried out a logistic regression analysis of NAFLD in both the type 2 diabetes mellitus and NGT groups. After adjusting for age and sex, a protective effect of CMPF was found in type 2 diabetes mellitus patients. However, this effect was also found in the NGT group. We removed the effect of glucose metabolism and found that the CMPF level had a protective role in the prevalence of NAFLD in Chinese individuals by a meta-analysis. However, the adjustments for BMI in the logistic regression showed discrepancies in the serum CMPF levels. BMI affects the NAFLD process 22 and might mask the effect of CMPF. Additionally, collinearity might exist between CMPF and BMI, as we found that the CMPF level was negatively associated with BMI. The relationship between CMPF and BMI has not been reported in previous studies. The negative association was found in both type 2 diabetes mellitus patients and the NGT group in the present study. Furthermore, together with the negative association between CMPF and triglycerides, the present results suggested that CMPF impacts lipid metabolism and might protect against NAFLD development.
We also identified a negative association between HDL-c and CMPF after adjusting for age, sex and BMI by a meta-analysis of the type 2 diabetes mellitus and NGT groups. Multiple stepwise regressions of all participants also showed the same outcome. The present data show a divergent association, as we know that the serum HDL-c levels are often negatively related to TG levels, and CMPF was independently negatively associated with HDL-c and triglycerides. However, the present results The B -standard error (SE) value shown indicates the association of 3-carboxy-4-methyl-5-propyl-2-furanpropanoic acid with anthropometric parameters and biochemical indexes separately in the two groups by linear regression after adjustment for age, sex and body mass index. ‡ The B -SE value shown represents the association of -carboxy-4-methyl-5-propyl-2-furanpropanoic acid with anthropometric parameters and biochemical indexes by combining the two groups with a fixed-effects model for high-density lipoprotein cholesterol (HDL-c), triglyceride (TG), c-glutamyltransferase (GGT) and alanine aminotransferase (ALT), and a random-effects model for low-density lipoprotein cholesterol (LDL-c), total cholesterol (TC), systolic blood pressure (SBP), diastolic blood pressure (DBP) and aspartate transaminase (AST). I 2 was used to assess heterogeneity. § Log transformed before analysis. The analysis also included aspartate transaminase, alanine aminotransferase, c-glutamyltransferase, low-density lipoprotein cholesterol and total cholesterol, which were all excluded in the final model. † Log transformed before analysis. BMI, body mass index; FPG, fasting plasma glucose; HDL-c, high-density lipoprotein cholesterol; SE, standard error.
were consistent with another study showing that CMPF treatment reduced circulating TG and HDL-c levels in mice 23 . The negative relationships of CMPF levels with both HDL-c and TG levels were not in conflict, since the different transcription factors and rate-limiting enzyme were affected by CMPF in TG or cholesterol biosynthesis 23 . A study showed that a high baseline log (TG)/HDL-C ratio predicts fast progression of islet bcell dysfunction 24 , so the negative association between CMPF and HDL-c might be an explanation for elevated CMPF levels in type 2 diabetes mellitus patients. Overall, this result suggests contradictory effects on lipid metabolism, and further studies are required to assess the role of CMPF.
The present study had several limitations, including the relatively limited sample size. Our study did not address the causeeffect relationship between CMPF and dyslipidemia or liver injury. In addition, the dietary intake was not recorded. Therefore, further prospective studies that record dietary intake are warranted to determine whether elevated serum CMPF is protective against dyslipidemia, obesity or NAFLD, or if it is a compensatory decrease in response to these diseases.
In conclusion, serum CMPF levels were lower in NAFLD patients than in controls in both the type 2 diabetes mellitus and NGT groups. Serum CMPF levels were independently associated with TG levels in Chinese individuals. The present data show that the serum concentration of CMPF in humans plays an important role in lipid metabolism and might be protective against NAFLD progression.
